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ABSTRACT
We analyze the stellar kinematics of 39 dwarf early-type galaxies (dEs) in the Virgo cluster. Based
on the specific stellar angular momentum λRe and the ellipticity, we find 11 slow rotators and 28 fast
rotators. The fast rotators in the outer parts of the Virgo cluster rotate significantly faster than fast
rotators in the inner parts of the cluster. Moreover, 10 out of the 11 slow rotators are located in the
inner 3◦ (D < 1 Mpc) of the cluster. The fast rotators contain subtle disky structures that are visible
in high-pass filtered optical images, while the slow rotators do not exhibit these structures. In addition,
two of the dEs have kinematically decoupled cores and four more have emission partially filling in the
Balmer absorption lines. These properties suggest that Virgo cluster dEs may have originated from
late-type star-forming galaxies that were transformed by the environment after their infall into the
cluster. The correlation between λRe and the clustercentric distance can be explained by a scenario
where low luminosity star-forming galaxies fall into the cluster, their gas is rapidly removed by ram
pressure stripping, although some of it can be retained in their core, their star-formation is quenched
but their stellar kinematics are preserved. After a long time in the cluster and several passes through
its center, the galaxies are heated up and transformed into slow rotating dEs.
Subject headings: galaxies: dwarf – galaxies: elliptical – galaxies: clusters: individual (Virgo) –
galaxies: kinematics and dynamics – galaxies: stellar content – galaxies: evolution
1. INTRODUCTION
Early-type galaxies (ETGs) are characterized by a
smooth surface brightness distribution, small amounts
of interstellar gas and dust, and red colors which indi-
cate the presence of an old stellar population. The ETG
galaxy class is composed of two morphological classes, el-
lipticals (Es) and lenticulars (S0s). This family of galax-
ies is often referred to as quenched or quiescent galaxies,
in contrast to the late-type galaxy class that is often re-
ferred to as star-forming galaxies.
Dwarf early-type galaxies are the low luminosity
(MB & −18) and low surface brightness (µB &
22 mag arcsec−2) population of the ETG class. The term
dE has traditionally been used to refer to dwarf elliptical
galaxies. In this work we loosely use dE for all quiescent
dwarf galaxies (MB & −18, µB & 22 mag arcsec−2), in-
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cluding dwarf elliptical and dwarf lenticular (dS0) galax-
ies.
The dE galaxy class spans a wide range of in-
ternal properties. Despite their apparent simplic-
ity, several dEs have complex structures beneath their
smooth light distribution. These structures are in
form of spiral arms, disks, and/or irregular features
(e.g., Jerjen et al. 2000; Barazza et al. 2002; Geha et al.
2003; Graham & Guzma´n 2003; De Rijcke et al. 2003;
Lisker et al. 2006; Ferrarese et al. 2006; Janz et al. 2012,
2014). The kinematics and stellar populations of dEs
are also complex. Dwarf early-type galaxies with similar
photometric properties can have different rotation speeds
(Pedraz et al. 2002; Simien & Prugniel 2002; Geha et al.
2002, 2003; van Zee et al. 2004; Chilingarian 2009;
Toloba et al. 2009, 2011; Rys´ et al. 2013, 2014), and also
different stellar populations (e.g. Michielsen et al. 2008;
Paudel et al. 2010; Koleva et al. 2011)
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Dwarf early-type galaxies are found in high den-
sity environments and are rarely seen in isolation
(Gavazzi et al. 2010; Geha et al. 2012). Moreover,
dEs dominate in number the population of high den-
sity environments (Dressler 1980; Sandage et al. 1985;
Binggeli et al. 1988).
This morphological segregation and the complexity of
the internal properties suggest that the progenitors of
dEs are late-type star-forming galaxies that were trans-
formed by the environment. The two most widely dis-
cussed mechanisms indicate that this transformation oc-
curs through gravitational tidal heating (i.e., harass-
ment, Moore et al. 1998; Mastropietro et al. 2005) or
through hydrodynamical interactions with the intraclus-
ter medium (i.e., ram-pressure stripping Lin & Faber
1983; Boselli et al. 2008a,b).
With the goal of understanding the physical processes
that form dEs, we have begun the SMAKCED1 (Stel-
lar content, MAss and Kinematics of Cluster Early-type
Dwarf galaxies) project, a new spectroscopic and pho-
tometric survey of dEs in the Virgo cluster, the nearest
dense galaxy cluster. This paper is part of a series in
which we analyze the structural and kinematic properties
of dEs in the Virgo cluster. Details of the photometric
and spectroscopic data sets are described in Janz et al.
(2014); Toloba et al. (2014, , Paper I in this series) and
Toloba et al. (2014, in press — hereafter referred to as
Paper II). This paper, the third in the series, is focused
on the study of stellar kinematics trends as a function of
projected distance to the center of the Virgo cluster.
In a gradual transformation of the internal properties
of galaxies from environmental effects, trends between
these internal properties and the density of the environ-
ment are expected. Galaxy clusters are the ideal labora-
tories to study these trends because the density gradient
between the inner and outer parts of the cluster is usually
large. However, these trends can be investigated only in
galaxy clusters that are still under assembly, as is the case
for Virgo (Boselli & Gavazzi 2006; Gavazzi et al. 2013;
Boselli et al. 2014), otherwise the trends disappear as
galaxies evolve. Morphologically, nucleated and rounder
dEs appear concentrated in the high density regions of
the Virgo cluster while non-nucleated dEs are found ev-
erywhere in the cluster (Lisker et al. 2007, 2009). Kine-
matically, Toloba et al. (2009) found a hint of a correla-
tion between the rotation support of the dEs and their
location within the Virgo cluster but with a marginal
statistical significance. To give these interesting results
a stronger statistical basis, we have more than doubled
the sample of Toloba et al. (2009), 2.2 times larger, we
have done a more robust measurement of the rotation
speed modeling the rotation curves of the galaxies, we
have improved the V/σ measurements using integrated
values within the Re, and we have combined that kine-
matic information with structural properties.
This paper is organized as follows. In Section 2, we
describe the sample of galaxies used in this analysis, the
instrumental setups used in the spectroscopic observa-
tions, and the main steps in the reduction. In Section 3,
we present the measurement of the stellar kinematics. In
Section 4, we analyze the nature of the internal kinemat-
ics as a function of projected distance from the center of
1 http://smakced.net
the Virgo cluster. In Section 5 we compare the structural
properties and stellar kinematics of the SMAKCED dEs
with those of dwarf star-forming galaxies. In Section 6
we discuss the possible formation scenarios for dEs in
the Virgo cluster. Finally, in Section 7 we summarize
our findings and conclusions.
2. THE DATA
This paper uses optical spectroscopy collected as part
of the SMAKCED project. We present here a brief sum-
mary of the sample selection, observations, and data re-
duction. For more details see Toloba et al. (2011) and
Paper II.
2.1. Sample
This paper is focused on the long-slit spectroscopic ob-
servations of 39 dEs in the Virgo cluster. The sample is
representative of the full population of Virgo cluster dEs
in the magnitude range −19.0 < Mr < −16.0 (see Pa-
per II).
These 39 dEs are selected prioritizing high sur-
face brightness galaxies from the subsample of 121
dEs in the Virgo cluster analyzed in the H band by
Janz et al. (2012, 2014). The galaxies are selected from
the Virgo Cluster Catalog (VCC, Binggeli et al. 1985)
with updated memberships based on radial velocities
(Lisker et al. 2006). Their selection is based on their
early-type morphology and low luminosity; see details in
Janz et al. (2014) and Papers I and II.
Eighteen of the dEs in the sample were observed as part
of the MAGPOP-ITP collaboration (Multiwavelength
Analysis of Galaxy POPulations-International Time Pro-
gram) and already presented in Toloba et al. (2009, 2011,
2012). In this series of papers we reanalyze the stellar
kinematics of these 18 galaxies, changing the radial bin-
ning scheme from a minimum of 1 pixel to 3 pixels (see
Section 3). The remaining 21 dEs are new observations
presented here for the first time.
The spatial distribution of the 39 SMAKCED dEs
within the Virgo cluster is shown in Figure 1. These 39
dEs cover a wide range of projected distances from M87.
The Virgo cluster has a complex structure of subgroups
(Binggeli et al. 1993). The larger subgroup, Virgo A, is
centered on M87 (Dec & 9◦) and the smaller subgroup
Virgo B is centered on M49 (Dec < 9◦). The majority of
the SMAKCED dEs are part of Virgo A, only 4 of them
are part of Virgo B (Gavazzi et al. 1999). The sizes and
intensities of the green dots in Figure 1 indicate the half-
light radius (Re) and mean surface brightness within the
Re (〈µe〉) of the galaxies. The Re and surface brightness
of the SMAKCED dEs do not depend on their position
within the cluster, in the same way that the full popula-
tion of dEs do not depend on that either (e.g. Lisker et al.
2007, 2009).
2.2. Observations and data reduction
The observations were conducted at El Roque de
los Muchachos Observatory (Spain) and the European
Southern Observatory (ESO; Chile). Ten out of the 39
dEs were observed at the INT 2.5 m telescope, 26 dEs
were observed at the WHT 4.2 m telescope, and the re-
maining 3 dEs were observed at the VLT 8 m telescope.
The exposure times varied from 1 to 3 hours depending
on the brightness of the dE.
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Fig. 1.— Spatial distribution of the SMAKCED dEs within the
Virgo cluster. Triangles indicate massive ETGs, and dots indicate
dEs. The yellow square indicates the position of M87, considered
to be the center of the Virgo cluster. The green dots highlight
the 39 SMAKCED dEs analyzed here. The sizes of the green dots
are related to the H band Re of the dEs. The intensity of the
green color is related to the H band 〈µe〉 of the dE (measured in
mag arcsec−2). The structural parameters of the SMAKCED dEs
can be found in Paper II. The black contours indicate the X-ray
diffuse emission of the cluster from Bo¨hringer et al. (1994).
The observations at the INT were carried out using the
IDS spectrograph with the 1200 l mm−1 grating covering
the wavelength range 4600−5600 A˚. The spectral resolu-
tion obtained, using a slit width of 2′′, is 1.6 A˚ (FWHM).
The observations at the WHT were carried out using
the double-arm spectrograph ISIS, which allowed us to
observe two spectral ranges simultaneously. The blue
setup used the 1200 l mm−1 grating and covered the
wavelength range 4200−5000 A˚. The red setup used the
600 l mm−1 grating and covered the wavelength range
5500−6700 A˚. The spectral resolution obtained, using a
slit width of 2′′, is 1.4 and 3.2 A˚ (FWHM) in the blue
and red setup, respectively.
The observations at the VLT were carried out us-
ing the FORS2 spectrograph with the 1400V grism and
covered the wavelength range 4500−5600 A˚. The spec-
tral resolution obtained, using a slit width of 1.3′′, is
2.7 A˚ (FWHM).
The data were reduced following the standard pro-
cedure for long-slit spectroscopy using the package
RED
uc
mE (Cardiel 1999). Here we summarize the main
steps; for more details see Toloba et al. (2011) and Pa-
per II. The main steps consisted of bias and dark cur-
rent subtraction, flat fielding, and cosmic ray cleaning.
The spectra were then spatially aligned, wavelength cal-
ibrated, sky subtracted, and flux calibrated using the
response function derived from our observed flux stan-
dards.
3. KINEMATIC MEASUREMENTS
The line-of-sight radial velocity (V ) and velocity dis-
persion (σ) are estimated along the galaxy’s major
axis using the penalized pixel-fitting software pPXF
(Cappellari & Emsellem 2004). This software fits the
galaxy spectrum with a model created from a lin-
ear combination of stellar templates that best repro-
duce the galaxy spectrum, allowing different weights
for each template. The stellar templates used in this
work are stars selected from the MILES stellar li-
brary (Sa´nchez-Bla´zquez et al. 2006; Cenarro et al. 2007;
Falco´n-Barroso et al. 2011) that have been observed with
the same instrumental setup as the galaxies. The stars
were observed with the telescope defocused to make them
homogeneously fill the slit as the galaxies do. To be able
to reproduce the stellar populations of the galaxies, the
stellar templates cover a variety of spectral types and lu-
minosity classes (B9, A0, A5V, G2III, G2V, G8III, G9III,
K0I, K1V, K2III, K3III, K4III, M2III).
The three dEs observed at the VLT — VCC 940,
VCC 1684, and VCC 2083 — do not have stellar tem-
plates observed under the same conditions as the galax-
ies, so we used stars from the ELODIE stellar library
(Prugniel et al. 2007) as templates instead. These spec-
tra, which have a resolution of R ∼ 10000, are convolved
with a Gaussian function whose width is equal to the
quadratic difference between the instrumental resolution
of the galaxies observed at the VLT and the ELODIE
resolution. Details about the potential differences in
the kinematic estimations due to the different techniques
used are described in Paper II.
The reduced two dimensional spectrum is spatially co-
added following the size and S/N thresholds described
in Toloba et al. (2011) and in Paper II. The minimum
size over which to co-add spectra is 3 pixels, which is
comparable to the average seeing affecting the observa-
tions. The minimum S/N threshold is chosen based on
the simulations described in Toloba et al. (2011). These
simulations use a large range of stellar populations, dif-
ferent radial velocities consistent with being Virgo cluster
members, and velocity dispersions in the range of dwarf
galaxies (20 − 60 km s−1). These simulations indicate
that the reliability of the measured radial velocity is not
guaranteed for spectra with S/N below 10 A˚−1, and the
same happens for velocity dispersion estimations with
S/N < 15 A˚−1. Thus, we require S/N ≥ 10 A˚−1 to
measure V and S/N ≥ 15 A˚−1 to measure σ. To de-
rive the stellar kinematics for those galaxies with several
masked regions, as a result of strong sky lines or emission
lines, the minimum S/N required is ≥ 15 A˚−1 for V and
≥ 25 A˚−1 for σ.
The parameter V/σ is used to quantify the dynamical
support of the galaxies and the anisotropy of their ve-
locity field (e.g. Binney 2005). This parameter, based on
the virial theorem, takes integrated quantities not eas-
ily estimated observationally. However, Emsellem et al.
(2007) and Cappellari et al. (2007) show that some cor-
rections can be made to get the observational values as
close as possible to the virial theorem.
Observationally, we obtain Vrot/σe, where Vrot is the
velocity at the Re measured in the best fit Polyex func-
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TABLE 1
Kinematic and Structural Properties of the SMAKCED dEs.
Galaxy RA Dec D Rmax/Re Vrot/σe λ1DRe/2 λ
1D
Re
ǫe/2 ǫe FR/SR (Re/2) FR/SR (Re)
hh:mm:ss dd:mm:ss deg
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)
VCC0009 12:09:22.25 +13:59:32.74 5.56 1.0 0.74+0.15
−0.15 0.32
+0.06
−0.06 0.54
+0.07
−0.08 0.212±0.003 0.189±0.002 FR FR
VCC0021 12:10:23.15 +10:11:19.04 5.53 0.4 (0.37+0.19
−0.21) 0.36
+0.08
−0.05 (0.46
+0.12
−0.10) 0.360±0.006 0.357±0.005 FR FR
VCC0033 12:11:07.79 +14:16:29.19 5.24 1.0 0.01+0.14
−0.15 0.09
+0.10
−0.05 0.11
+0.08
−0.10 0.211±0.006 0.168±0.004 SR SR
VCC0170 12:15:56.34 +14:26:00.33 4.17 0.7 (0.39+0.19
−0.21) 0.30
+0.09
−0.10 (0.39
+0.11
−0.13) 0.392±0.003 0.368±0.002 FR FR
VCC0308 12:18:50.90 +07:51:43.38 5.42 1.3 0.46+0.10
−0.11 0.17
+0.03
−0.05 0.31
+0.06
−0.05 0.102±0.003 0.097±0.003 FR FR
VCC0389 12:20:03.29 +14:57:41.70 3.71 1.0 0.41+0.05
−0.05 0.19
+0.05
−0.03 0.25
+0.05
−0.05 0.182±0.002 0.198±0.001 FR FR
VCC0397 12:20:12.18 +06:37:23.51 6.34 1.2 1.18+0.07
−0.08 0.41
+0.04
−0.03 0.62
+0.02
−0.02 0.234±0.002 0.277±0.002 FR FR
VCC0437 12:20:48.10 +17:29:16.00 5.67 0.8 (1.23+0.12
−0.13) 0.49
+0.05
−0.06 (0.60
+0.12
−0.12) 0.314±0.002 0.324±0.002 FR FR
VCC0523 12:22:04.14 +12:47:14.60 2.21 2.0 0.65+0.02
−0.02 0.35
+0.03
−0.03 0.54
+0.03
−0.03 0.252±0.002 0.256±0.002 FR FR
VCC0543 12:22:19.54 +14:45:38.59 3.17 1.5 0.58+0.03
−0.03 0.27
+0.02
−0.04 0.31
+0.04
−0.04 0.428±0.001 0.436±0.001 SR SR
VCC0634 12:23:20.01 +15:49:13.25 3.90 1.6 1.39+0.07
−0.07 0.51
+0.02
−0.02 0.52
+0.04
−0.05 0.151±0.002 0.164±0.002 FR FR
VCC0750 12:24:49.58 +06:45:34.49 5.82 1.5 0.38+0.06
−0.05 0.13
+0.07
−0.06 0.28
+0.05
−0.05 0.108±0.003 0.125±0.003 SR FR
VCC0751 12:24:48.30 +18:11:47.00 5.99 0.4 (0.39+0.08
−0.08) 0.32
+0.05
−0.05 (0.41
+0.08
−0.09) 0.388±0.001 0.394±0.001 FR FR
VCC0781 12:25:15.17 +12:42:52.59 1.42 0.7 (0.01+0.10
−0.10) 0.07
+0.05
−0.04 (0.14
+0.06
−0.05) 0.238±0.004 0.282±0.003 SR FR
VCC0794 12:25:22.10 +16:25:47.00 4.26 1.0 0.51+0.16
−0.16 0.28
+0.09
−0.06 0.34
+0.07
−0.07 0.359±0.002 0.446±0.001 FR FR
VCC0856 12:25:57.93 +10:03:13.54 2.63 0.4 (0.82+0.23
−0.24) 0.25
+0.08
−0.07 (0.34
+0.11
−0.10) 0.055±0.004 0.072±0.003 FR FR
VCC0917 12:26:32.39 +13:34:43.54 1.59 1.7 0.02+0.04
−0.06 0.10
+0.03
−0.03 0.13
+0.05
−0.03 0.270±0.002 0.285±0.002 SR SR
VCC0940 12:26:47.07 +12:27:14.17 1.00 1.1 0.29+0.02
−0.04 0.15
+0.02
−0.02 0.18
+0.02
−0.02 0.075±0.002 0.120±0.002 FR FR
VCC0990 12:27:16.94 +16:01:27.92 3.74 0.5 (0.70+0.06
−0.09) 0.35
+0.03
−0.03 (0.44
+0.08
−0.08) 0.200±0.002 0.232±0.002 FR FR
VCC1010 12:27:27.39 +12:17:25.09 0.84 2.3 1.16+0.03
−0.03 0.46
+0.01
−0.02 0.60
+0.01
−0.01 0.368±0.002 0.429±0.002 FR FR
VCC1087 12:28:14.90 +11:47:23.58 0.88 1.9 0.11+0.04
−0.03 0.06
+0.02
−0.02 0.11
+0.03
−0.04 0.423±0.002 0.380±0.001 SR SR
VCC1122 12:28:41.71 +12:54:57.08 0.74 1.3 0.47+0.05
−0.05 0.20
+0.04
−0.03 0.32
+0.04
−0.04 0.303±0.001 0.410±0.001 SR FR
VCC1183 12:29:22.51 +11:26:01.73 1.02 0.3 (0.43+0.13
−0.13) 0.14
+0.04
−0.04 (0.21
+0.05
−0.06) 0.102±0.002 0.132±0.002 FR FR
VCC1261 12:30:10.32 +10:46:46.51 1.62 0.6 (0.04+0.07
−0.07) 0.11
+0.03
−0.03 (0.18
+0.04
−0.04) 0.193±0.001 0.254±0.001 SR FR
VCC1304 12:30:39.90 +15:07:46.68 2.74 2.2 1.53+0.16
−0.16 0.53
+0.04
−0.03 0.72
+0.02
−0.02 0.429±0.003 0.525±0.002 FR FR
VCC1355 12:31:20.21 +14:06:54.93 1.73 1.0 0.30+0.15
−0.20 0.22
+0.07
−0.07 0.30
+0.06
−0.07 0.202±0.003 0.229±0.002 FR FR
VCC1407 12:32:02.73 +11:53:24.46 0.59 1.2 0.17+0.05
−0.07 0.12
+0.03
−0.04 0.17
+0.05
−0.04 0.158±0.003 0.164±0.002 SR SR
VCC1431 12:32:23.41 +11:15:46.94 1.19 0.6 (0.20+0.05
−0.07) 0.13
+0.04
−0.03 (0.21
+0.06
−0.04) 0.108±0.001 0.093±0.001 SR FR
VCC1453 12:32:44.22 +14:11:46.17 1.87 1.7 0.16+0.09
−0.10 0.16
+0.03
−0.03 0.12
+0.03
−0.02 0.188±0.002 0.198±0.001 SR SR
VCC1528 12:33:51.61 +13:19:21.03 1.20 1.7 0.02+0.03
−0.03 0.01
+0.02
−0.02 0.02
+0.02
−0.02 0.213±0.001 0.206±0.001 SR SR
VCC1549 12:34:14.83 +11:04:17.51 1.57 0.4 (0.69+0.08
−0.08) 0.24
+0.04
−0.04 (0.32
+0.07
−0.07) 0.147±0.002 0.155±0.002 FR FR
VCC1684 12:36:39.40 +11:06:06.97 1.94 1.1 0.54+0.02
−0.02 0.15
+0.01
−0.02 0.32
+0.02
−0.01 0.609±0.003 0.641±0.002 SR SR
VCC1695 12:36:54.85 +12:31:11.93 1.52 1.3 0.52+0.07
−0.06 0.23
+0.03
−0.02 0.36
+0.04
−0.03 0.316±0.002 0.307±0.002 SR FR
VCC1861 12:40:58.57 +11:11:04.34 2.79 1.3 0.14+0.05
−0.04 0.16
+0.03
−0.02 0.12
+0.04
−0.03 0.041±0.002 0.039±0.002 FR FR
VCC1895 12:41:51.97 +09:24:10.28 4.05 1.7 0.75+0.13
−0.12 0.29
+0.06
−0.06 0.41
+0.05
−0.05 0.481±0.004 0.492±0.003 SR FR
VCC1910 12:42:08.67 +11:45:15.19 2.88 0.6 (0.27+0.04
−0.03) 0.12
+0.02
−0.02 (0.19
+0.04
−0.03) 0.150±0.003 0.161±0.002 SR FR
VCC1912 12:42:09.07 +12:35:47.93 2.82 0.6 (0.70+0.05
−0.05) 0.22
+0.03
−0.03 (0.30
+0.06
−0.06) 0.280±0.002 0.367±0.002 FR FR
VCC1947 12:42:56.34 +03:40:35.78 9.22 0.6 (0.97+0.04
−0.03) 0.43
+0.02
−0.02 (0.53
+0.09
−0.09) 0.186±0.002 0.203±0.001 FR FR
VCC2083 12:50:14.48 +10:32:24.07 5.16 0.8 0.14+0.05
−0.05 0.26
+0.05
−0.04 0.31
+0.04
−0.04 0.156±0.007 0.156±0.005 FR FR
Note. — Column 1: galaxy name. Columns 2 and 3: right ascension and declination in J2000. Column 4: projected distance between
each dE and M87, considered to be the center of the Virgo cluster (1◦ ∼ 0.29 Mpc). Column 5: maximum radial coverage of the rotation
curve. Column 6: ratio between the rotation velocity measured at the Re and the velocity dispersion measured within the Re. We use
Equation 1 to transform Vrot/σe measured in long-slit data into the integrated (V/σ)e. Numbers within brackets indicate that the radial
coverage of the rotation curve does not reach ∼ 1Re, thus Vrot is extrapolated up to the Re using the best fit Polyex fitting function to
the rotation curve (see Paper II for details). The parameters Vrot and σe can be found in Paper II. Columns 7 and 8: specific stellar
angular momentum measured in the long-slit data within the Re/2 and the Re, respectively. We use Equation 3 to transform the long-
slit measurements into the integrated λRe/2 and λRe values. Numbers within brackets indicate that the radial coverage of the rotation
curve does not reach ∼ 1Re, thus λ1DRe is estimated using the correlation between λRe and λRe/2 seen in Figure 2. Columns 9 and 10:
uncertainty-weighted mean ellipticities within the Re/2 and the Re, respectively. Columns 11 and 12: fast rotator (FR)
or slow rotator (SR) classification based on the λRe/2−ǫe/2, and λRe−ǫe relations from Equations 5 and 6.
tion to the rotation curve (Paper II). The velocity disper-
sion σe is measured by co-adding the spectra within the
Re, so this measurement contains also the luminosity-
weighted rotation.
To transform the measured long-slit Vrot/σe into the
integrated V/σ, we simulate the two-dimensional distri-
bution of the flux, V , and σ based on the long-slit spec-
troscopic measurements. We use the ellipticity gradi-
ents from the H band images presented in Paper II. We
smoothly decrease the rotation following a cosine func-
tion and make it zero along the minor axis, and we as-
sume that the velocity dispersion profile is flat (see Pa-
per II), thus the values at each radius can be extrapolated
in elliptical rings. These simulations are generated only
in the regions where we have spectroscopic data. Then,
we measure (V/σ)e in the simulation, which is the in-
tegrated two-dimensional V/σ measured within the Re.
We find the best fit between (V/σ)e and Vrot/σe
(V/σ)e = (0.39± 0.02)Vrot/σe (1)
the slope of this relation is smaller than the value found
by Cappellari et al. (2007) because they were comparing
(V/σ)e to the maximum rotation speed instead of Vrot,
and the central velocity dispersion instead of σe.
The main inconvenience of using V/σ is that, as it
is a luminosity-weighted parameter, it gives the high-
est weight to the central kinematics, which is not nec-
essarily representative of the whole galaxy, as it is the
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case of kinematically decoupled cores. To overcome
this, Emsellem et al. (2007) introduced the λR param-
eter, which is an estimate of the specific stellar angular
momentum of a galaxy, and it is defined as:
λR =
∑N
i=1 FiRi|Vi|∑N
i=1 FiRi
√
V 2i + σ
2
i
(2)
where N is the number of spatial bins in the kinematic
profiles, and Fi, Ri, Vi, and σi are the flux, radius, ro-
tation velocity, and velocity dispersion of the ith bin.
The radii for the individual V and σ measurements are
usually not the same in our data because of the two dif-
ferent S/N thresholds required to make these measure-
ments. The parameter Ri refers to the radius at which
Vi is measured. If there is a σ measurement at that same
radius, σi is that value, if not, σi is the average of the
two closest values of σ to the radius Ri. Some of the
velocity dispersion profiles do not go as far out in ra-
dius as the rotation curves (this happens by definition
because of the higher S/N required to measure σi; see
Paper II). In the region where σi is not available, we
use the uncertainty-weighted average of the velocity dis-
persion profile since the σ profiles are generally flat (see
Paper II and Geha et al. 2002, 2003; Chilingarian 2009;
Rys´ et al. 2013, for more flat velocity dispersion profiles
of Virgo cluster dEs). For all the SMAKCED dEs, λR
can be measured within half the Re (λ
1D
Re/2), while only
25 of them can be measured within the Re (λ
1D
Re ). The
uncertainties in λ1DRe/2 and λ
1D
Re are estimated by run-
ning 100 Monte Carlo simulations perturbing Vi and σi
within a Gaussian function with a width equal to their
uncertainties.
To transform the measured long-slit λ1DR into the in-
tegrated λR we use the same simulations produced for
(V/σ)e. We find the best fit between λR and λ
1D
R
λR = (0.64± 0.08)λ1DR (3)
Figure 2 shows a comparison between λRe and λRe/2,
obtained using Equation 3, for the 25 dEs for which the
radial extent reaches the Re. It also shows these val-
ues for the ETGs of the ATLAS3D sample. The me-
dian ratio λRe/λRe/2 for the SMAKCED dEs is 1.38
+0.31
−0.22,
which is consistent with the ratio for the ATLAS3D sam-
ple (1.16+0.31
−0.16). It is expected that λRe is larger than
λRe/2 because the rotation curves continue increasing be-
yond the Re (e.g. Beasley et al. 2009; Geha et al. 2010).
We fit a line to λRe vs. λRe/2 and use it to estimate
the λRe value for those galaxies where the kinematic
radial coverage does not reach the Re. The resulting
λRe values are in good agreement with those measured
by (Rys´ et al. 2014).
4. ROTATION VERSUS PRESSURE SUPPORT: NATURE OF
INTERNAL KINEMATICS
The kinematic properties of ETGs depend on the local
galaxy density, i.e. the number and spatial distribution
of surrounding galaxies, which is expected for massive
galaxies where mergers play an important role in their
evolution (Cappellari et al. 2011). However, the merging
rate found for simulated low mass galaxies is extremely
low (e.g., De Lucia et al. 2006; Fakhouri et al. 2010).
Fig. 2.— Comparison between the stellar angular momentum
measured within the Re (λRe) and within the Re/2 (λRe/2).
Large dots are the SMAKCED sample of dEs, small squares are
the ATLAS3Dsample of ETGs. Purple and red colors refer to the
absence or presence of underlying disky structures observed in un-
sharp masked SDSS images by Lisker et al. (2006). The dashed
line indicates the λRe = λRe/2 relation, and the dotted line is the
best linear fit to the data.
Low mass galaxies are expected to be affected by the
hot intracluster medium (e.g; ram pressure stripping)
and the possible multiple encounters with more mas-
sive galaxies (e.g.; harassment), neither of these effects
are necessarily described by the number of galaxies that
are surrounding the dEs today. Moreover, Boselli et al.
(2014) find no evidence that the properties of Virgo clus-
ter dEs depend on the local galaxy density.
The internal kinematics of galaxies can be dominated
by rotation (rotation support: the stars move in a pref-
erential direction, as in disks of spiral galaxies) or by dis-
persion (pressure support: the stars move randomly with
no preferential direction, as in the most massive ETGs).
In this Section we explore the nature of the internal kine-
matics of dEs by analyzing the parameters (V/σ)e, λRe,
and λRe/2 and whether these correlate with the projected
distance from the center of the Virgo cluster. This pro-
jected distance is a proxy of the impact that the hot intr-
acluster medium may have had on the galaxies. We use
the projected distance to M87, which hosts the brightest
X-ray source of the Virgo cluster (Schindler et al. 1999),
as a tracer of the hot gas density. The adopted distance
for galaxies in the Virgo cluster is 16.5 Mpc (Mei et al.
2007), and its virial radius, assuming Rvirial = R200, is
1.55 Mpc (Ferrarese et al. 2012).
Figures 3 and 4 show the distribution of dEs in
the (V/σ)e−ǫe, λRe−ǫe/2, and λRe/2−ǫe planes. These
planes, which relate the internal kinematics and the ap-
parent flattening of the galaxies, are used to derived the
anisotropy of galaxies and also to distinguish between
fast rotators and slow rotators. The definition of fast and
slow rotators (FR and SR, respectively) introduced by
Emsellem et al. (2007, 2011) is indicated as blue dashed
lines and follows the relations:
(V/σ)e = 0.310×√ǫe (4)
λRe = 0.310×√ǫe (5)
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Fig. 3.— Stellar angular momentum (V/σ)e , λRe and λRe/2 as
a function of ellipticity. The red, orange, and yellow symbols are
the SMAKCED dEs. The colors refer to their projected distance
to the center of the cluster. The shape indicate the presence or
absence of subtle disky structures seen in high-pass filtered SDSS
images by Lisker et al. (2006). The large open stars indicate the
dEs for which we found some emission filling in the Balmer lines.
The open circles and triangles indicate the dEs for which the kine-
matic radial coverage is shorter than the Re. The grey squares are
the ATLAS3D sample of ETGs (Emsellem et al. 2011). The black
lines (solid and dot-dashed) are the models for anisotropic galaxies
calculated with independent dynamical models by Emsellem et al.
(2011). The black solid line is the expected relation for an edge-on
ellipsoidal galaxy with an anisotropy of β = 0.65 × ǫ within an
aperture of 1Re. The black dot-dashed lines indicate the effect of
inclination on this relation. From top to bottom, the dot-dashed
lines show the relation for galaxies with intrinsic ellipticities of
0.95, 0.85, 0.75, 0.65, 0.55, 0.45, and 0.35, and from right to left
the inclination changes from edge-on (on the black solid line re-
lation) to face-on (on the origin). The blue dashed line indicates
the separation between slow (below the line) and fast (above the
line) rotators defined by (Emsellem et al. 2007, 2011) as indicated
in Equations 4, 5, and 6.
λRe/2 = 0.265×√ǫe/2 (6)
where ǫe and ǫe/2 are the average ellipticities within the
Re and Re/2, respectively.
The dEs span a large range in ellipticity, similar to
the ellipticity range covered by more massive ETGs, but
their (V/σ)e, λRe, or λRe/2 do not reach the highest val-
ues reached by ETGs (note that Figure 3 is a zoom-in
of Figure 4). There are round and flattened slow ro-
tating dEs (SR, below the blue dashed line), as well as
round and flattened fast rotating dEs (FR, above the blue
dashed line). Figure 4 also shows the distribution of late-
type galaxies in this space of parameters (values from the
integral field spectroscopy presented in Falco´n-Barroso
et al., in prep. for Sa, Sb, Sc, and Sd galaxies, and in
Adams et al. (2014), for Sm galaxies). The absence of
round (ǫe < 0.2) dwarf star-forming galaxies (Sm) is a
selection effect (face-on star-forming galaxies are prefer-
entially avoided). Galaxies with Sa, Sb, Sc, and Sd mor-
phology overlap with the ETGs with λRe& 0.4 and reach
even higher values than the ETGs. Dwarf star-forming
galaxies, Sm, tend to show the highest values of λRe
(λRe& 0.6) reaching also values higher than those found
in ETGs. This may indicate that low surface brightness
star-forming galaxies tend to have higher values of λRe
than high surface brightness star-forming galaxies, as ex-
pected from simulations (e.g. Boissier & Prantzos 2000).
This possible relation needs to be further investigated
using complete samples of star-forming galaxies.
VCC 1684 is a highly flattened SR dE with an elliptic-
ity larger than 0.6. Two ETGs in the ATLAS3D sam-
ple, NGC 4473 and NGC 4550, have similar properties
and both are classified as 2σ galaxies, i.e. galaxies with
two two peaks in the velocity dispersion profile possibly
caused by two counter rotating disks (Krajnovic´ et al.
2011). They are both on the low mass side of the
ATLAS3D sample (logMe ∼ 10.2 M⊙; Emsellem et al.
2011), and have emission lines (Sarzi et al. 2006). We
do not have evidence for two velocity dispersion peaks in
VCC 1684. If these features are not along the photomet-
ric major axis of the galaxy, the long-slit spectroscopy
presented in this series of papers would have missed
them. However, we do classify VCC 1684 as a poor fit
(i.e. significant departures of the rotation curve from the
best fit Polyex function) and asymmetric rotation curve
(i.e. the approaching and receding sides of the rotation
curve have different shapes; see Paper II for details). In
addition, we also find emission lines in VCC 1684. Its dy-
namical mass within the Re is within the average mass
of the SMAKCED sample (logMe = 8.9 M⊙). These
properties suggest that VCC 1684 is a good candidate
to be a 2σ galaxy. Integral field spectroscopy of this dE
will show whether the velocity dispersion map shows two
peaks.
The segregation of triangles and dots in Figure 3 sug-
gests that the internal kinematics of dEs are related to
the presence or absence of residual disky structures ob-
served beneath their smooth light distribution in opti-
cal images. The dEs with disky structures have, on
average, (V/σ)e= 0.27 ± 0.03, λRe/2= 0.18 ± 0.02, and
λRe= 0.25±0.02. The dEs without disky structures have,
on average, (V/σ)e= 0.14±0.03, λRe/2= 0.13±0.02, and
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Fig. 4.— Stellar angular momentum λRe as a function of ellipticity. The symbols, colors, and lines are as in Figure 3. The dark and
intermediate blue dots are the late-type galaxies from Falco´n-Barroso et al. (in prep.). The light blue dots are the dwarf star-forming (Sm)
galaxies from Adams et al. (2014). Star-forming galaxies and ETGs reach higher values of λRe than dEs. The parameter λRe seems to be
related to the structural properties of the dEs and their position within the Virgo cluster.
λRe= 0.16 ± 0.02. This suggests that dEs with under-
lying disky structures are rotating faster than the dEs
without underlying disky structures. While inclination
affects the observed rotation speed of the galaxies, the
disky structures are independent from it, i.e disks are
better seen in edge-on galaxies but spiral arms and bars
are better seen in face-on galaxies (Lisker et al. 2006).
The colors in Figures 3 and 4 indicate the projected
clustercentric distance (D, assuming that M87 is in the
center of the Virgo cluster). Dwarf early-types with
darker colors tend to have lower values of (V/σ)e, λRe,
and λRe/2, i.e. the dEs in the inner regions of the cluster
rotate slower than the dEs in the outer regions. Even
though the sample of dEs is not complete, the selection
function is not different for dEs in the inner and outer
parts of the cluster.
The parameters λRe and λRe/2 are normalized in the
following way for visualization purposes:
λ∗Re =
λRe√
ǫe
(7)
λ∗Re/2 =
λRe/2√
ǫe/2
(8)
Figure 5 shows λ∗Re and λ
∗
Re/2 as a function of pro-
jected clustercentric distance. The segregation between
SR and FR is done following Equation 5. Eight out of
the 11 SR dEs are located in the inner 2◦ of the Virgo
cluster (D ≤ 0.4 Rvirial), two SR dEs are located at
D ∼ 3◦ (D ∼ 0.6 Rvirial), and the remaining SR dE,
VCC 33, is located at D ∼ 5.4◦ (D ∼ Rvirial). The FR
dEs are found at all radii within the Virgo cluster. The
weighted average λ∗Re for FR dEs with D < 0.4 Rvirialis
0.41± 0.03, while the weighted average λ∗Re for FR dEs
with D > Rvirial is 0.67± 0.03. Spearman and Pearson
statistical tests indicate with 99.92% and 99.97% confi-
dence levels that there is a correlation between λ∗Re and
D, respectively, and with 99.82% and 99.77% confidence
levels that there is a correlation between λ∗Re/2 and D,
respectively. This suggests that FR dEs in the outer
parts of the cluster are rotating faster than FR dEs in
the inner parts of the cluster.
The ATLAS3D slow rotating ETGs are also pref-
erentially located in the inner 2◦ of the Virgo cluster
(D < 0.4 Rvirial), although there are five exceptions at
a distance of 4◦ < D < 8◦ (0.7 Rvirial< D <1.5 Rvirial).
The Spearman and Pearson statistical tests do not find
any correlation between λ∗Re, or λ
∗
Re/2 and the projected
clustercentric distance for the ATLAS3D galaxies (con-
fidence levels of 97.58%, 91.74%, 90.35%, and 83.13%,
respectively). However, note that the ATLAS3D sample
of Virgo cluster ETGs is distributed across all substruc-
tures of the Virgo cluster, while the SMAKCED dEs are
nearly all in the Virgo cluster A (see Section 2.1). More-
over, all of the ATLAS3D ETGs have higher masses than
the SMAKCED dEs, which could explain their lower
sensitivity to the hot gas density (mainly measured by
the distance from M87; Schindler et al. 1999), but higher
sensitivity to the density of surrounding galaxies (see the
correlation between the kinematics and the local galaxy
density for ATLAS3D ETGs found by Cappellari et al.
2011). In addition, Boselli et al. (2014) find that the
properties of Virgo cluster dEs do not correlate with the
local galaxy density.
Dwarf early-type galaxies with and without underly-
ing disky structures are present at all projected distances
from the center of the Virgo cluster. However, applying
binomial statistics, the fraction of slow rotating dEs with
underlying disky structures is 0.27 ± 0.13 (3 out of 11),
while the fraction of fast rotating dEs with underlying
disky structures is 0.61± 0.09 (17 out of 28). These frac-
tions suggest that underlying disky structures are more
commonly found in fast rotating dEs than in slow rotat-
ing dEs.
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Fig. 5.— Spatial distribution of SR and FR dEs within the Virgo
cluster. The upper and lower panel show the specific stellar angular
momentum normalized by the square root of the ellipticity follow-
ing Equations 7 and 8 as a function of the projected clustercentric
distance. Colors are as in Figure 2. The shape of the symbols
indicate whether the galaxies are fast rotators (asterisks; they are
at all distances from the center of Virgo) or slow rotators (dots;
they are preferentially in the inner region of Virgo) based on the
blue line shown in Figure 4. The dashed vertical line indicates the
virial radius of the cluster. The open and filled red and purple
symbols are as in Figure 4. The grey open squares and solid lines
are the median and 16th and 84th percentiles of the distribution
in bins of D chosen to contain a similar number of galaxies. The
horizontal error bars of the large grey open squares indicate the
range of distances included in each bin. The vertical error bars of
the large grey open squares indicate the RMS of the median.
5. COMPARISON OF THE STRUCTURE AND STELLAR
KINEMATICS OF DES AND LOW MASS STAR-FORMING
GALAXIES
We compare the structural properties and stellar kine-
matics of the SMAKCED dEs with the seven dwarf
star-forming galaxies from Adams et al. (2014). None
of these samples are complete. The SMAKCED dEs
were targeted to preferentially have high surface bright-
ness (Paper II), while the Sm galaxies were targeted to
preferentially have low surface brightness (Adams et al.
2014). Figure 6 shows the size-surface brightness and
stellar mass-surface brightness relations for both sam-
ples. While the Sm galaxies have slightly larger optical
sizes than the dEs, both samples are in the same range
Fig. 6.—Upper panel: Half-light radius as a function of surface
brightness, both in the r band. Symbols’ shapes are as in Figure 5.
Yellow, orange, and red symbols are the SMAKCED dEs at differ-
ent distances from the center of the Virgo cluster. Blue asterisks
are the Sm galaxies from Adams et al. (2014). Grey triangles are
Virgo cluster dEs in the magnitude range −19.0 < Mr < −16.0
(Lisker et al. 2007; Janz & Lisker 2008). Lower panel: Stellar
mass within the Re as a function of surface brightness in the r
band. The stellar masses for the SMAKCED dEs are calculated
as described in Section 3 and for the Sm galaxies as described by
Adams et al. (2014). The initial mass function considered for the
SMAKCED dEs is Kroupa (Kroupa 2001) while for the Sm galax-
ies is Chabrier (Chabrier 2003). The Sm galaxies presented here
tend to have slightly larger optical sizes than the SMAKCED dEs
but are in the same range of stellar masses.
of stellar masses.
The stellar kinematics of the Sm galaxies are de-
rived from the integral field spectroscopy presented in
Adams et al. (2014). To compare the Vrot and σe with
the values obtained for the SMAKCED dEs, we extract
the one dimensional rotation curve in a simulated long-
slit along the major axis of the Sm galaxies. We fit the
Polyex analytic function in the same way we did for the
SMAKCED dEs (see Paper II), and calculate the Vrot as
the velocity of the best fit Polyex function at the Re. The
stellar velocity dispersion σe for the Sm galaxies is the
uncertainty-weighted average of
√
V 2 + σ2 calculated in
each spatial resolution element with R 6Re along the
simulated long-slit described above. Figure 7 shows the
stellar kinematics as a function of surface brightness, and
Figure 8 shows the best fit Polyex function for the long-
slit stellar rotation curves of the SMAKCED dEs and the
Sm galaxies of Adams et al. (2014).
The dEs and Sm galaxies follow the same structural
trends (as previously found by Boselli et al. 2008b).
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Fig. 7.— Upper panel: Stellar angular momentum λ∗
Re
as a
function of surface brightness in the r band. Symbols and colors
are as in Figure 6. Middle panel: Stellar rotation speed Vrot as
a function of surface brightness in the r band. The stellar rotation
speed Vrot for the Sm galaxies is calculated as described in Section 3
for the SMAKCED dEs. Lower panel: Stellar velocity dispersion
σe as a function of surface brightness in the r band. While the Sm
galaxies tend to have higher λ∗
Re
and Vrot than the dEs, they both
have similar stellar velocity dispersions.
The stellar rotation of the Sm galaxies of Adams et al.
(2014) overlap with the most rapid rotating SMAKCED
dEs. In addition, these Sm galaxies overlap with the
SMAKCED dEs that have the lowest stellar velocity
dispersion. Thus, the normalized specific stellar rota-
tion λ∗Re is higher for these Sm galaxies than for the
SMAKCED dEs. There are also some structural and
stellar kinematic similarities between blue compact dwarf
galaxies and dEs (Koleva et al. 2014).
6. DISCUSSION
Fig. 8.— Best fit Polyex function for the long-slit stellar rotation
curves of the SMAKCED dEs and the long-slit stellar rotation
curves of low luminosity Sm galaxies from Adams et al. (2014).
Dotted lines indicate the regions where the kinematic information
is not available.
Due to the low masses (M∗e ∼ 109 M⊙) of dEs they
are expected to be strongly affected by the environment.
If that is the case, some of the internal properties of the
dEs should correlate with fundamental properties of the
cluster. In this work, we have studied the kinematics
of 39 dEs as a function of projected distance from the
center of the Virgo cluster.
6.1. Correlations with projected clustercentric distance
In Toloba et al. (2009) we investigated the dynamical
support and luminosity-weighted ages of a subsample of
the SMAKCED dEs as a function of projected distance
from the center of the Virgo cluster. We found a hint of
correlation between the angular momentum, measured
by Vrot/σe, and the projected clustercentric distance. In
addition, we found that the luminosity-weighted stellar
ages of the inner 4′′ of the dEs are preferentially younger
in the outer parts of the Virgo cluster.
In this paper, we improve the analysis of Toloba et al.
(2009) in three ways: (1) we more than double the sample
of Virgo cluster dEs to increase the statistics; (2) instead
of using the highest rotation speed measured for each dE,
we fit the Polyex function to the rotation curve, and mea-
sure the rotation speed at the Re for all dEs, using the
full rotation curve; and (3) we complement the analysis
of Vrot/σe with the λRe and λRe/2 parameters, which
measure the specific stellar angular momentum within
an aperture (see Equation 2).
To study the radial gradients of galaxy properties
within the cluster we need the three-dimensional (3D)
distance of each galaxy to the center of the cluster. Un-
fortunately, the 3D distance of any dE to the center of
the cluster cannot be easily derived because of two main
reasons: (1) the line-of-sight depth of the Virgo cluster
is ∼ 4 Mpc including all the substructures. The ma-
jority of the SMAKCED dEs are part of the Virgo A
cluster, centered in M87, which has a line-of-sight depth
of 1.5 Mpc (Mei et al. 2007). The uncertainties in the
line-of-sight distances of the brightest dEs measured with
surface brightness fluctuations, the most accurate tech-
nique to obtain distances, are from 0.5 to over 1 Mpc,
while the distance for the faintest dEs cannot be mea-
sured (Mei et al. 2007); (2) in a 3D structure, the orbital
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parameters of the dEs are more important than their cur-
rent position. Because dEs move in elliptical orbits, they
do not spend the same amount of time in each part of
their orbit. Due to the difficulty to overcome these two
effects, we are limited to projected distances to look for
environmental effects.
The projected clustercentric distance can smear out
any correlation present, i.e. dEs could appear close to
the center of the cluster by projection effects making the
correlation weaker. In addition, there can be back-splash
galaxies also contributing to make the correlation weaker,
i.e. galaxies that were near the center of the cluster and
are currently in a part of their orbit that is further away.
The kinematic properties of the SMAKCED dEs are re-
lated to the presence or absence of subtle disky structures
found in high-pass filtered optical images by Lisker et al.
(2006, 2007). The dEs with high stellar angular mo-
mentum show these subtle underlying disky structures
while dEs with low stellar angular momentum preferen-
tially lack these structures. However, we do not find any
evidence for a correlation between the number of compo-
nents in which the H band surface brightness profiles of
the dEs are decomposed by (Janz et al. 2014) and their
stellar angular momentum.
The stellar angular momentum increases with the pro-
jected clustercentric distance (confirming our previous
result in Toloba et al. 2009). However, Rys´ et al. (2013)
did not find any correlation between λRe and the dis-
tance to the center of the cluster. Since our λRe values
agree with those of Rys´ et al., this discrepancy is proba-
bly due to the larger sample used here and their attempt
to use 3D distances.
The fast rotators in the outer parts of the Virgo clus-
ter are rotating faster than the fast rotators in the inner
parts of the cluster. We find eleven slow rotators in our
sample. Eight of them are located at a projected clus-
tercentric distance of D < 2◦ (D < 0.4 Rvirial), two of
them are located at D ∼ 3◦ (D ∼ 0.6 Rvirial), while
the remaining slow rotator is found at a projected clus-
tercentric distance of D ∼ 5.4◦ (D ∼ Rvirial) and does
not have any massive close neighbor within a radius of
150 kpc. Eight out of the 11 slow rotators do not have
any underlying disky structures. However, two of them,
even though they are located in projection very close to
M87, have emission lines. One of the two central SR dEs
with emission lines and underlying disky structures is
VCC 1684, a very flattened galaxy and a good candidate
to be a 2σ galaxy (i.e. a galaxy with two peaks in the ve-
locity dispersion profile likely due to the presence of two
counter rotating disks; see Section 4 and Krajnovic´ et al.
2011).
6.2. Possible Formation Scenarios
Our findings are consistent with a scenario in which
late-type star-forming galaxies fall into the Virgo cluster
and are transformed into the dEs that we observe to-
day. The dynamical, structural, and stellar population
properties analyzed in this series of papers provide new
constraints on the physical mechanisms that can cause
such transformation and, thus, on which galaxies are the
progenitors of dEs. The two most discussed physical
mechanisms to explain the transformation of late-type
star-forming galaxies into dwarf early-type (quenched)
galaxies are ram pressure stripping and galaxy harass-
ment.
Ram pressure stripping, hydrodynamical interaction
with the hot intracluster medium, removes the gas of the
galaxy and quenches the star formation on a very short
time scale. The gas removal takes 100−200 Myr and the
galaxy looks red and quiescent in ∼ 1 Gyr (Boselli et al.
2008a). The resulting galaxy has a slightly lower surface
brightness in the optical bands (by ∼ 1 mag) because
of the quenching of the star formation, but the Re and
the stellar mass remain basically the same (Boselli et al.
2008b). As ram pressure stripping does not directly af-
fect the stars, the galaxy conserves its stellar rotation.
After a long time in the cluster, the galaxy goes through
the center of the cluster several times. These multiple
fast passages heat up the galaxy and make it lose its ro-
tation (Boselli et al. 2008a,b). Ram pressure stripping is
effective at all distances from the center of the cluster,
but it is more efficient in regions with denser intergalactic
medium.
Harassment, multiple gravitational interactions of the
dE progenitor with other cluster members and with the
potential of the cluster, affects both the gas and the stars
(e.g. Moore et al. 1998; Mastropietro et al. 2005). This
mechanism is efficient only when the galaxy goes through
very populated and dense regions many times. The typ-
ical crossing time of the Virgo cluster is ∼ 1.7 Gyr (e.g.
Boselli & Gavazzi 2006), thus it takes several Gyrs to
make strong changes in the structure and kinematics of
the progenitor galaxy. Large amounts of gas and stars
are removed in the gravitational interactions. Therefore,
the remnant galaxy is smaller and less massive than its
progenitor (Moore et al. 1998; Mastropietro et al. 2005;
Boselli et al. 2008b). Harassment also decreases the
strength of rotation, generating even non-rotating galax-
ies under very extreme conditions, and changes the inter-
nal structure of the progenitor into a less disky or even a
pure spheroidal galaxy (Mastropietro et al. 2005). This
mechanism is most effective where the density of neigh-
bors is high, i.e. in the central parts of the cluster. In the
outer regions of Virgo, the density of neighbors is so low
that the progenitors are not expected to be significantly
affected by harassment (Smith et al. 2010).
The observed trend between the specific stellar angular
momentum of dEs and the clustercentric distance sug-
gests that the environment is removing the rotation in
these galaxies. Given that the faint end of the red se-
quence seems to have been formed in the last few Gyrs
(Stott et al. 2007; De Lucia et al. 2007), that quenched
dwarf galaxies are not found in isolation (Gavazzi et al.
2010; Geha et al. 2012), and that the infall rate of late-
type galaxies in the Virgo cluster is large (300−400 late-
type galaxies per Gyr Boselli et al. 2008a; Gavazzi et al.
2013), the environmental mechanism transforming these
infalling late-types into quenched galaxies must be fast.
While ram pressure stripping is effective in a very short
time scale, i.e. less than 1 Gyr, harassment takes several
Gyrs to fully quench and transform the galaxies. This
suggests that ram pressure stripping might be the main
mechanism transforming freshly infalling low luminosity
late-type galaxies into dEs. However, the galaxies that
entered the cluster in its early epochs may have been
affected by other processes, too.
In this scenario, a low luminosity star-forming galaxy
enters the Virgo cluster and its gas is rapidly removed
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by ram pressure, in 100− 200 Myr, but its internal kine-
matics and structure are preserved appearing like the
FR dEs with subtle disky structures seen in the outer
parts of the cluster. After being in the cluster for a long
time, i.e. a few Gyrs, and passing through its center sev-
eral times, the galaxy is heated up, loses stellar rotation,
and the internal disky structures become less prominent,
i.e. the spiral arms begin to disappear. In these several
passes through the center of the cluster and in addition to
ram pressure, gravitational interactions with other clus-
ter members and with the cluster potential well, i.e. ha-
rassment and tidal stirring, can also play a role in the
transformation of the internal properties of the galaxy
(Benson et al. 2014, Boselli & Gavazzi 2015). This may
explain the properties of the FR dEs with subtle disky
structures seen in the inner parts of the cluster which
will eventually be slow rotating dEs. These fast rotators
found in the inner parts of the cluster rotate more slowly
than the fast rotators found in the outer parts of the clus-
ter. Cosmological simulations predict that clusters were
formed by the accretion of small groups of galaxies (e.g.
Springel et al. 2005). The small velocity dispersion of
these groups favored gravitational interactions between
the group members in the early epochs of the cluster for-
mation. This scenario explains the presence of slow and
non-rotating dEs in the center of the cluster as well as
the presence of kinematically decoupled cores in some of
these dEs (see Paper I).
This transformation scenario is supported by the fact
that slow rotating dEs are gravitationally bound to the
cluster while fast rotating dEs are mainly unbound sys-
tems and have a radial velocity distribution within the
cluster that is very similar to that of late-type galax-
ies (Boselli et al. 2014). This suggests that slow rotating
dEs, which do not have underlying disky structures, may
have been in the cluster for much longer than fast rotat-
ing dEs, which do have underlying disky structures, and
may have entered the cluster more recently.
Four of the SMAKCED dEs have some residual
star formation in their central regions. As discussed
in Paper I for the formation of kinematically decou-
pled cores in dEs, the accretion of gas from another
galaxy is unlikely inside clusters due to the rapid rela-
tive velocities of galaxies (e.g. Binney & Tremaine 1987;
Boselli & Gavazzi 2006). Thus, this gas might come from
its star-forming progenitor which was not fully stripped
by ram pressure. Simulations expect this to happen in
the core of some galaxies where the potential well is
deeper (Boselli et al. 2008a).
To observationally probe this formation scenario it is
important to compare the stellar kinematics of dEs with
those of star-forming galaxies. However, the study of
the stellar kinematics of star-forming galaxies is still on
its infancy. The first papers devoted to such a study
are Koleva et al. (2014) and Adams et al. (2014). The
analysis done by Koleva et al. (2014) and our comparison
with Adams et al. (2014) in Section 5 show some struc-
tural and kinematic similarities between star-forming
and quenched dwarf galaxies.
7. SUMMARY AND CONCLUSIONS
In this work, we analyze the stellar kinematics of dEs in
the Virgo cluster as a function of projected clustercentric
distance, which can serve as a proxy for the impact that
the environment may have had on galaxies. We use inter-
mediate resolution optical spectroscopy of 39 dEs in the
Virgo cluster, which is the largest spectroscopic sample of
Virgo cluster dEs observed and analyzed homogeneously
up to date.
We find 11 slow rotators (SR) and 28 fast rotators (FR)
within the Virgo cluster dEs. In addition, the range of
values of λRe found for the dEs (λRe≤ 0.4) is smaller
than the range of λRe values found for fast rotating ETGs
(λRe≤ 0.8; as hinted by Rys´ et al. 2014). A quantitative
comparison between these ETGs and dEs is complex be-
cause of the nature of the samples (see Janz et al. 2014).
While the ATLAS3D sample of ETGs is volume com-
plete, the SMAKCED sample of dEs is representative of
dEs in the magnitude range −19.0 < Mr < −16.0 but
it is not complete; these two samples of galaxies do not
overlap in mass; and while the ATLAS3D sample consists
mainly of group and field ETGs, the SMAKCED sample
consists only of cluster dEs. However, finding that slow
rotators dominate within the most massive ETGs and
are also found within the dE galaxy class suggests that
the process forming slow rotators might not be the same
for galaxies of different masses.
Dwarf early-type galaxies with strong rotation, quan-
tified by (V/σ)e, λRe, and λRe/2, contain subtle disky
structures, such as spiral arms, disks, and irregular fea-
tures, seen in high-pass filtered optical images, while dEs
with low rotation do not exhibit such subtle disky struc-
tures. We also find a correlation between the stellar rota-
tion and the projected clustercentric distance. The dEs
in the outer parts of the cluster rotate faster than the dEs
in the inner parts. The SR dEs are found mainly around
M87, the galaxy at the center of the Virgo cluster.
The properties of dEs in the Virgo cluster can be ex-
plained by a scenario in which late-type star-forming
galaxies are transformed by the environment. In this
scenario, the star-forming galaxy falls into the cluster,
its gas is removed very rapidly, in 100−200 Myr, by ram
pressure stripping, its star formation is quenched and in
∼ 1 Gyr of passive evolution its stellar population looks
red. The resulting galaxy is likely to have the properties
of the FR dEs with some subtle disky structures that we
find in the outer parts of the Virgo cluster. As the galaxy
passes several times through the center of the cluster, the
galaxy is heated up and begins to lose its rotation and
subtle structures eventually becoming a pure spheroid
with no rotation as the ones seen in the center of Virgo.
Those galaxies that entered the cluster in the early
stages of its formation may have been affected by other
mechanisms in addition to ram pressure stripping. As
the cluster was mainly formed by the accretion of small
groups of galaxies (Springel et al. 2005) in its early
stages, gravitational interactions between group mem-
bers may have been frequent. This scenario is supported
by the kinematically decoupled cores observed in some
of the SMAKCED dEs (see Paper I ).
The structural properties and stellar kinematics of
the Virgo cluster dEs share some similarities with star-
forming dwarf galaxies (see Section 5). However, stellar
kinematics of complete samples of dEs and star-forming
galaxies are needed to conclude whether they share a
common origin.
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